The effect of C co-doping on the Er 3þ luminescence properties of Er-doped hydrogenated amorphous Si (a-Si:H) is investigated. Er-doped a-Si:H thin films co-doped with C were deposited using electron-cyclotron resonance plasma enhanced chemical vapor deposition of SiH 4 and CH 4 with concurrent sputtering of Er. We find that C co-doping greatly increases the room temperature 1.54 mm Er 3þ photoluminescence (PL) intensity, with the maximum enhancement by a factor of 4 being obtained at a C concentration of $15 at.%. Part of the reason for such enhancement is the suppression of the temperature quenching of the Er 3þ PL intensity and liftime, which we attribute to the increased optical bandgap of a-Si:H due to C co-doping. However, unlike other co-dopants such as O that also can enhance the Er 3þ PL, C co-doping does not degrade the a-Si:H film quality, demonstrating its suitability for developing Si-based optoelectronic devices.
Introduction
Recently, a flurry of research activities has been focused on developing an efficient Si-based light emitter that can overcome the low optical efficiency of bulk crystalline Si (c-Si) due to its indirect bandgap. 1) Development of such an emitter is crucial for realization of Si photonics that uses Sibased materials and Si-compatible processes and thus enables infusion of the astronomical infrastructure of Si processing technologies into the field of optical telecommunications.
One of the promising methods for inducing optical activity in Si is Er-doping of Si.
2) Er 3þ can luminesce at the optical telecommunication wavelength of 1.54 mm due to its intra-4f transition from its first excited state to the ground state ( 4 I 13=2 ! 4 I 15=2 ). Furthermore, when doped into a semiconducting host, Er 3þ can be excited by carriers, either photo-generated or injected, via an Auger-type interaction with an effective excitation cross section that can be more than a million times larger than that of the direct optical absorption, [3] [4] [5] [6] [7] thus allowing fabrication of Si:Er-based light emitting diodes (LEDs). [8] [9] [10] Unfortunately, the temperature and pump-power quenching of the Er 3þ luminescence efficiency in c-Si is too severe to be practical. [5] [6] [7] Such problems can be solved by using nano-crystalline Si, [11] [12] [13] but the electrical properties of such films are often quite poor.
An interesting alternative is hydrogenated amorphous Si (a-Si:H). While Si-based, it has a wide bandgap (1.5-3 eV depending on deposition conditions) that has been correlated with reduced temperature quenching of the Er 3þ luminescence.
14) It is also a well-described, mature semiconductor which is widely used to fabricate active devices with an additional advantage of being able to be deposited on optical materials such as glass at a low cost. Thus, many researchers have investigated, and obtained, room-temperature Er 3þ luminescence from Er-doped a-Si:H. [15] [16] [17] [18] Another important advantage of a-Si:H is its ability to incorporate a high concentration of impurities. Among the many possible impurities, carbon (C) is of particular interest. It is one of the several ligands (e.g., C, N, O, F) that greatly enhance the Er 3þ luminescence from Er-doped c-Si. 19) More importantly, unlike other ligand atoms, C does not severely degrade the quality of the a-Si:H film. Indeed, a-Si:H:C has been used to fabricate high efficiency solar cells. 20) Practically, C is among the common contaminants of a-Si:H, 21, 22) and it is important to investigate its effects so as to identify its merit and demerits for Er-doped a-Si:H.
Previously, there have been some brief reports on the effects of C co-doping on the Er 3þ luminescence from Erdoped a-Si:H. 23, 24) In this paper, we report on the results of a detailed investigation into the effect of C co-doping on the properties of Er-doped a-Si:H. We find that C co-doping can greatly enhance the Er 3þ luminescence, increasing the room temperature Er 3þ photoluminescence (PL) intensity up to four-fold. Part of the reason for such enhancement is the enlargement of the bandgap that leads to suppression of the temperature quenching of the Er 3þ luminescence. However, unlike other co-dopants such as O that can induce similar effects, C co-doping does not degrade the a-Si:H film quality, demonstrating its suitability for developing Si-based optoelectronic devices.
Experiment
Er-doped a-Si:H films co-doped with C were deposited on Corning glass #1737 substrates by electron-cyclotron resonance plasma enhanced chemical vapor deposition (ECR-PECVD) of SiH 4 and CH 4 with concurrent sputtering of Er. A detailed explanation of the deposition system is given in ref. 22 The system base pressure was $1 Â 10 À6 Torr. The deposition pressure, microwave power, and deposition temperature were $1 Â 10 À4 Torr, 400 W, and 250 C, respectively. The SiH 4 flow rate was fixed at 1.5 sccm, but the CH 4 flow rate was varied from 0 to 0.6 sccm to vary the C content. Two sets of films, one with an Er content of 0.05 at.% and the other with Er content of 0.12 at.%, were prepared. The C content, as determined by the 4.26 MeV C resonance, varied from 0 to 24 at.%. All the films also contained about 20 at.% H, as determined by elastic recoil detection (not shown).
The Raman spectra were measured using a standard Raman setup with the Ar-ion laser (514.5 nm), a triplegrating monochromator, and a CCD detector. The optical band gap of the films was extracted from transmittance Japanese Journal of Applied Physics Vol. 43, No. 2, 2004, pp. 444-448 #2004 The Japan Society of Applied Physics measurement using the Tauc relation 26) for absorption coefficient greater than 10 4 cm À1 . The electrical conductivity measurement was made using coplanar Al electrodes, all verified to be ohmic.
PL spectra were measured using the 477 nm line of Ar laser with a nominal pump power of 200 mW, a grating monochromator, and the standard lock-in technique. A pump power of 200 mW was chosen because the Er 3þ PL intensity displayed linear dependence upon the pump power up to 200 mW, confirming that we are under the low pumping condition (not shown). The 477 nm line of an Ar laser was used since it is not absorbed optically by Er 3þ , thus ensuring that Er 3þ are excited via carriers only. Furthermore, it is completely absorbed within the film regardless of the carbon content, thus facilitating direct comparisons between different samples. Thermo-electrically cooled InGaAs diode and liquid nitrogen cooled Ge diode were used as detectors for PL and time resolved PL measurement respectively. A closed-cycle helium cryostat was used for low-temperature measurements. Figure 1 shows the dependence of room temperature Er 3þ PL intensity upon the C content for two set of samples having Er 0.05 and 0.12 at.%. The inset shows room temperature PL spectra of Er-doped (Er = 0.05 at.%) aSi:H and a-Si:H:C films, showing the typical peak near the 1.54 mm peak due to the 4 I 13=2 ! 4 I 15=2 intra-4f transition. We find that C co-doping increases the Er 3þ PL intensity. The maximum Er 3þ PL intensity is obtained from film with C content of 15 at.% for Er content of 0.05 at.%, consistent with our previous report that $0:04 at.% Er is most favorable for Er 3þ luminescence. 25) At its maximum, the Er 3þ PL intensity from C co-doped a-Si:H film is about 4 times greater than that from a comparable, carbon-free aSi:H film. Note that we observe a very similar effect of carbon co-doping on the Er 3þ PL intensity from film with the Er content of 0.12 at.%, indicating that the effect of carbon co-doping is independent of Er concentration in the range of Er concentration probed here. Part of the reason for the enhancement of the room temperature Er 3þ PL intensity is the reduction of the temperature quenching. This is shown in Fig. 2 which shows the temperature dependence of the integrated Er 3þ PL intensities, normalized to the value at 25 K. In case of the film with the Er content of 0.05 at.%, we observe a clear delay of the onset of temperature quenching of the Er 3þ PL intensity and the resultant decrease of the temperature quenching of the Er 3þ PL intensity from 60 to 30% from the C co-doped film. The effect of C co-doping is weaker from the film with the Er content of 0.12 at.%, but a similar delay and decrease of the temperature quenching of the Er 3þ PL intensity from 50 to 35% can be observed as well. Figure 3 shows the temperature dependence of the Er 3þ PL lifetime from the film with Er content of 0.12 at.% and C content of 18 at.%. We find that carbon co-doping reduces the temperature quenching as well. As the temperature is raised from 25 to 300 K, the Er 3þ PL lifetime from the carbon-free film decreases by $40%(22 to 14 ms), while that from the C co-doped film decreases by $20%(15 to 12 ms).
Results and discussions
Such suppression of temperature quenching by C codoping is consistent with previous results reported on other Er-doped semiconductors, since C co-doping increases the bandgap of a-Si:H. This can be seen from Fig. 4 which shows the optical absorption of the a-Si:H films. The symbols are experimental data, and the solid lines are the fits to the data using the Tauc relationship of ffiffiffiffiffiffiffiffi ffi h " ! p ¼ BðE À E gap Þ where absorption coefficient, , is greater than 10 4 cm À1 . 26) As the inset shows, the E gap increases monotonically with carbon concentration, and exceeds 2 eV as the C concentration is increased beyond 15 at.%. Such an increase in bandgap has been correlated with suppression of the temperature quenching of Er 3þ luminescence, 14, 23) both by reducing exciton dissociation 27) and suppressing back-transfer.
6,28-30) Thus, we argue that C co-doping is an effective way of increasing the bandgap of a-Si:H to increase the room temperature Er 3þ PL intensity, thereby reducing the temperature quenching of Er 3þ PL intensity and lifetime, as figures 1, 2 and 3 demonstrate. It should be noted, however, that such suppression of temperature quenching cannot fully explain the enhancement of the Er 3þ PL intensity by C co-doping, indicating that other effects (e.g., increasing the optically active fraction of Er, the excitation efficiency, and the Er 3þ PL luminescence efficiency) may also play significant roles. Detailed investigation of such effects is currently under way, but is beyond the scope of this paper.
The effects of C co-doping presented so far (e.g., enhancement of Er 3þ PL intensity and reduction in temperature quenching) are similar to that of O co-doping. 16 ) Some notable differences arise, however, in the effect on structural properties. Henceforth, all investigations will focus on the film with Er content of 0.05 at.% and C content of 15 at.%, as it displayed the maximum Er 3þ PL intensity. Figure 5 shows the Raman spectrum of the film with maximum Er 3þ PL intensity. The spectrum is dominated by a broad peak centered near 480 cm À1 due to Si-Si bonds that is typical of a-Si:H. Also indicated is À=2, the half-width at halfmaximum (HWHM) of the Raman peak near 480 cm À1 on its high energy side. We also observe weak peaks in the Raman spectrum corresponding to Si-C bonds in the range from 600 to 1000 cm À1 . 31, 32) However, we find no identifiable peaks corresponding to C-C bonds in the range from 1300 to 1600 cm À1 , indicating that in the range of carbon concentration we used, the films are silicon rich, built primarily from Si-Si bond with very little C-C bonds.
Surprisingly, however, incorporation of such a large concentration of carbon does not lead to structural disorder in the a-Si:H matrix. This is shown in the inset, which shows the dependence of À=2 on the C content. Unlike the case in crystalline Si, the Si-Si bond angle in a-Si:H is not fixed at 109.5 degrees, but shows a distribution around that value. This bond angle distribution is an important contribution to the overall structural disorder in a-Si:H, theoretical 33) and experimental 34, 35) works have indicated that the average bond angle distortion is approximately proportional to the À=2 of a-Si:H. As the inset shows, however, C co-doping has no effect upon À=2, remaining as low as 30 AE 1 cm À1 even with C content as high as 24 at.%. In fact, the value of 30 AE 1 cm À1 for À=2 is the same as that reported for devicegrade, intrinsic a-Si:H film deposited in a UHV-PECVD system, 36) indicating a high quality of the Er-doped a-Si:H film co-doped with C.
Such a lack of an increase in the structural disorder despite the large C concentration is attributed to the use of methane as the source gas. It has been reported that in such a case, the Si lattice retains its sp 3 -bonded, tetrahedral network, while C is incorporated mostly as CH 2 and CH 3 groups, 37) and thus is not expected to lead to generation of structural disorder. This is in contrast to the O which participates in lattice formation, and leads to substantial increase in structural disorder of a-Si:H matrix. 18, 38, 39) The above conclusion is further supported by the high resolution Er 3þ PL spectra obtained at 25 K, as shown in Fig. 6 . Since the 4 I 13=2 ! 4 I 15=2 intra-4f transition is a parity-forbidden transition that occurs due to the effects of the crystal field, the exact luminescence peak position and the peak shape depend upon the host matrix. In case of O codoping, an O concentration as low as 1 at.% has been shown to result in 2 nm shift in the peak position and a significant change in the peak shape. 16) However, as Fig. 6 shows, C codoping does not affect the Er 3þ PL peak position at all, and has only a very little effect on the peak shape, again indicating that C co-doping does not affect the overall a-Si:H host matrix.
This particular advantage of C to enlarge the bandgap and enhance the Er 3þ luminescence without affecting the a-Si:H matrix is demonstrated in Fig. 7 , which shows the effect of Er-doping on the DC conductivity of the films with and without C co-doping. We find that all films show good semiconducting behavior with an exponential increase of with increasing temperature. C co-doping decreases but increases its activation energy from 0.41 eV to 0.90 eV, consistent with increasing of the bandgap from 1.91 eV to 2.12 eV. Note, however, that Er-doping strongly increases of both C-free and C co-doped films, indicating that C co-doping does not de-activate Er which is known to be an n-type dopant in a-Si:H. 40) Again, this is in contrast to O co-doping, in which case the increase in the Er 3þ PL intensity is accompanied by deactivation of Er and strong reduction of .
41)

Conclusion
In conclusion, we have investigated the effect of C codoping on the properties of Er-doped a-Si:H. We find that C co-doping greatly enhances the room temperature Er 3þ PL intensity, and that the maximum enhancement by a factor of four occurs at a C content of 15 at.%. An important effect of C co-doping, that leads to suppression of the temperature quenching and enhancement of the Er 3þ PL intensity, we attribute to the widening of the bandgap of a-Si:H by C codoping. Besides that, carbon co-doping has reduced temperature quenching of Er 3þ PL lifetime that contributes to the enhancement of luminescence efficiency due to reduction in energy back transfer. However, unlike other co-dopants such as O and N that can also lead to widening of the bandgap and enhancement of Er 3þ PL intensity, C co-doping does not lead to degradation of electrical properties. This suggests that C co-doping may be an effective way of increasing the Er 3þ luminescence efficiency from Er-doped a-Si:H without significantly sacrificing its usability for active devices. 
